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Abstract

Introduction

Different fixation, drying and coating procedures have
been applied in preparation of the organ of Corti for scanning electron microscopy (SEM), and structural features of
the apical surface of the tissue in unfixed, freeze-fractured
preparations used in assessing their effects on morphology.
Fixation with glutaraldehyde alone or osmium tetroxide
alone causes artefacts that are substantially avoided when
tissue is doubly fixed in glutaraldehyde followed by osmium. Significant improvements in preservation are also obtained when tissue is additionally processed through thiocarbohydrazide-osmium (fOTO) processing. In addition to
providing a conducting coat, it stabilises the tissue against
deformations that might otherwise occur during drying, and
reduces the extent of tissue shrinkage. Freeze-drying of
TOTO processed tissue produces less tissue distortion than
critical point drying (CPD) but is not so easy to apply routinely. The distortions of structure in TOTO-processed
CPD tissue are not significant and this may be the preferred
procedure for routine use, but air drying from hexamethyldisilazane is a useful alternative, producing results as good
as those from CPD samples if TOTO processing is applied
beforehand. One particular advantage of freeze-drying,
though, is that after freezing, brittle fracture through the
tissue can occur making examination of intracellular structure by SEM relatively easy. However, again, TOTO
processing prior to freezing is of value as this appears to
prevent the formation of large ice-crystal during freezing.
Examination of isolated outer hair cells by SEM shows that
isolation procedures do not cause significant damage to the
stereociliary bundles.

The neuroepithelium of the cochlea, the organ of
Corti, is a narrow ribbon of cells coiled in a spiral
containing sensory "hair" cells and accessory supporting
cells. The hair cells are organised in parallel rows along
the length of the spiral: a single row of inner hair cells
(IHCs) and three to five rows (depending on the species)
of outer hair cells (OHCs) (Retzius, 1884). Hair cells
are "mechanotransducers" that is they are involved in
the translation of mechanical stimuli (in the case of the
cochlea, produced by acoustic signals) into neural excitation. Such cells, types of which are also present in the
organs of balance within the vestibular system of the inner ear, are characterised by the presence at their apical
ends of an organised bundle of erect projections, the
stereocilia. Stereocilia are intimately involved in the
transduction process and because they are exposed at the
apical surface of the neuroepithelium, hair cells can be
easily identified, and the stereocilia examined, using
scanning electron microscopy (SEM). Consequently,
since the pioneering work of Lim (1969, 1971a),
Bredberg et al. (1970, 1972) and others, SEM has found
increasing use in experimental investigations of structure-function relationships in the normal inner ear
(Hunter-Duvar, 1978; Lim, 1980, 1986; Wright, 1984)
as well as of the effects of damaging agents, particularly
those resulting from ototoxic drugs (Wersiill et al.,
1973; Ylikoski, 1974; Hunter-Duvar and Mount, 1978;
Harpur and Bridges, 1979; Forge, 1985) and noise (Lim
and Melnick, 1971; Lim, 1976; Hunter-Duvar, 1978;
Lim and Dunn, 1979; Cody et al., 1980; Bohne and
Rabbitt, 1983; Hamemick et al., 1984; Thome et al,
1984). SEM has also proved of particular benefit to investigation of the human inner ear enabling direct comparison of details of the hair cells in human tissues with
those from experimental animals (Wright, 1984).
Using SEM at low magnifications, the overall
organisation of the normal cochlea can be examined, and
in the functionally impaired cochleae it is possible to
obtain cytocochleograrns, equivalent to those obtained by
light microscopy, where any loss of hair cells can be
evaluated both qualitatively and quantitatively. At
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Figure 1. Freeze-etch replicas of unfixed, rapidly frozen organ of Corti (micrographs printed in negative contrast).
a. Apical membrane of two outer hair cells with an intervening Deiters' cell. Toe stereocilia have been cross-fractured
at their points of insertion into the hair cell to reveal the pattern formed by the hair bundle. Note also that the surface
of the supporting cell bulges outwards. Bar = 2.5 µm. b. Stereocilia. Toe stereocilia are straight and have a smooth,
regular contour. Small "windows" on some stereocilia represent points where the fracture has passed into the inside
of the stereocilium revealing the internal microfilaments. Bar = 0.5 µm. c. Overlapping lateral cross-links between
adjacent stereocilia (arrow). Toe membrane surfaces exposed by etching are predominantly smooth, whereas the membrane fracture faces appear roughened from the presence of intramembrane particles and possibly from artefactual holes
resulting from the sublimation of water vapour during deep-etching. Bar = 125 nm.

----------------------------------------------------------------------------------------------higher magnifications, features characteristic of individual normal hair cells, such as the numbers and lengths
of stereocilia (Tilney and Tilney, 1984; Wright, 1984),
can be observed, and examination of damaged cochleae
enables identification of subtle changes, particularly to
the stereociliary bundles, which would not be visible by
light microscopy nor easily assessed by transmission
electron microscopy with which examination of large
numbers of hair cells throughout the cochlea is more difficult. Consequently, SEM provides a means of assessing some of the early or reversible effects of damaging
agents on hair cells that can be correlated with functional
data to help define normal structure-function relationships (Cody et al., 1980; Thome and Gavin, 1985;
Brown et al., 1989). It also makes it possible to follow
the progression of changes in the organ of Corti prior to
complete loss of the sensory cells (Forge, 1985; Brown
et al., 1989). High resolution SEM has also been applied to the cochlea (Pickles et al., 1984; Furness and
Hackney, 1985). It has shown fine surface details of the
stereocilia which may be of direct significance to the
mechanism of transduction (Pickles et al., 1984). Since
high resolution SEM of the cochlea is the subject of a
recent review in this journal (Osborne and Comis,
1991), it will not be dealt with in detail here.
It is this ability to gain potentially significant information about structural details of a large number of hair
cells relatively quickly and easily that has led to the

wide use of SEM to monitor the status of the cochlea.
However, it is necessary to ensure optimal preservation
of the structure during preparation of the sample for
SEM. A number of alterations to stereocilia which are
often associated with early indications of damage (Lim
and Dunn, 1979; Forge and Brown, 1982; Rydmarker et
al., 1989), for example, irregularity of the bundles,
"floppiness" or bending of the stereocilia, fusion of the
stereocilia, or blebbing of the membrane, can also be
seen in supposedly normal cochlea which might not have
been processed optimally prior to SEM. Toe general
aim of the work presented here has been to assess preparative procedures to discover what artefacts might be expected from particular approaches and to discover procedures which may be most easily applied routinely for
study of the intact organ of Corti as well as for monitoring the condition of isolated hair cells. We have used
freeze-fracture and freeze-etching of rapidly-frozen, unfixed material to determine the structural features of
"fresh" organ of Corti as a basis for evaluating the processing procedures. In addition, we show that brittle
fracture of frozen material followed by freeze-drying
provides a relatively simple means to extend the use of
SEM from examination of just the surface of the organ
of Corti to investigation of intracellular structure and the
structural organisation within the neuroepithelium. Toe
work with animals has been performed with the cochleae
of guinea pigs and gerbils. Details of many of the
522
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Table 1. The combination of procedures used for
processing tissue

These preparations have been exposed to neither
chemical fixatives nor cryoprotectives and therefore
show what may be considered the normal morphology at
the surface of the organ of Corti (Fig. 1). The hair cell
surface is flat with the stereocilia regularly spaced (Fig.
la). On OHCs, the W-pattem formed by the stereociliary bundle is often asymmetric, one arm of the "W" being longer than the other and the arms are not often
straight but tend to curve. The surfaces of the adjacent
supporting cells are either flat or often in unfixed material bulge outwards towards the scala media (Fig. la).
The stereocilia themselves are usually straight with no
bending along their length and have a smooth, regular
contour (Fig. lb). In deeply-etched preparations, lateral
cross-links between the stereocilia are clearly revealed
(Fig. le) and the closely parallel fibrils emanating from
adjacent stereocilia are seen to overlap in the middle of
the space between the stereocilia to form a central thickening (arrow, Fig. le).
The preparation of this material requires that the
apical surface of the organ of Corti is exposed to a physiologically abnormal high sodium concentration, in
HBSS, as opposed to the high potassium concentration
of endolymph which bathes the surface of the organ of
Corti in vivo. However, hair cells surrounded by maintenance media do possess normal intracellular potentials
and respond to deflections of the stereocilia in a similar
manner to cells in situ (Russell et al., 1986; Ashmore,
1990). It is therefore likely that the morphology of the
organ of Corti in these rapidly frozen preparations is a
fair representation of the living tissue and in a wellpreserved specimen prepared for SEM it would be expected that: the surface of the organ of Corti would be
essentially flat; the hair bundle formed of regularly
closely-spaced stereocilia; and that each stereocilium
would be straight and erect with an even contour. These
criteria can be used as the basis for analysis of the
effects of the tissue preparation procedures.

Preparation Procedures
FIXATION

DRYING

COATING

Glutaraldehyde (GA) onlyFD
CPD

Sputter
Sputter

FD
CPD
FD
CPD

Sputter
Sputter
TOTO
TOTO

FD
CPD
FD
CPD
HMDS
HMDS

Sputter
Sputter
TOTO
TOTO
Sputter
TOTO

Osmium (Os) only

GA then Os

FD = freeze-drying; CPD = critical point drying;
HMDS = air drying from hexamethyldisilazane;
TOTO = thiocarbohydrazide followed by osmium
tetroxide and then repeated.
procedures used can be found elsewhere (Forge, 1985;
Davies and Forge, 1987; Forge et al., 1991).

Criteria for Assessing Structural Preservation
Rapid freezing of unfixed material potentially provides a means of determining the structural characteristics of cells free of any of the artefacts associated with
normal tissue processing procedures. To obtain such
material the auditory bullae were removed from guinea
pigs and transferred to Hank's Balanced Salt Solution
(HBSS), buffered to pH 7.4 with 0.05 M HEPES, osmolality adjusted to ca. 300 mOsm with 4 N NaCl
(Zajic and Schacht, 1987). Strips of organ of Corti
were separated manually from the basilar membrane
without the use of any enzymatic treatment and rapidly
frozen using procedures described in detail elsewhere
(Forge et al., 1991). Briefly, a strip of organ of Corti
in ca. 2-5 µl of medium was sandwiched between two
copper freeze-fracture planchettes, and the sandwich
plunge-frozen in rapidly stirred propane:isopentane
(4: 1). The samples were fractured by separating the
sandwich inside a Balzers BAF400D apparatus. The exposed. surfaces were either replicated immediately after
fract re and shadowed unidirectionally with platinumcarbon from an angle of 45° (freeze-fractured samples)
or etched for 10-15 minutes at a stage temperature of
-90 °'C before rotary deposition of platinum from an
angle of 22° (deep-etch samples).

Assessment of Tissue Preparation Procedures
To determine effects of tissue processing on the
morphology of the organ of Corti, different fixation procedures, tissue drying methods and means of applying a
conductive coat were used. Fixation was with either
2.5 % glutaraldehyde (GA) (in 0.1 M cacodylate buffer)
only for 1.5 hours at room temperature; 1 % cacodylate
buffered osmium tetroxide (Os) only for 1 hour at room
temperature; or with GA followed by Os. Tissue was
dried either by critical point drying (CPD), freeze-drying
(FD), or air drying from hexamethyldisilazane (HMDS)
(Nation, 1983). Coating was either by ligand binding of
osmium with thiocarbohydrazide (TOTO procedure)
(Hunter-Duvar, 1978; Davies and Forge, 1987) prior to
523
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Figure 2a. GA-only, CPD, sputter-coated preparation. Outer hair cell stereocilia are bent and show blebbing at their
surfaces, but the surfaces of the Deiters' cells are flat and show well-preserved microvilli. Bar = 1 µm.
Figure 2b. GA-only, CPD, sputter-coated preparation. Inner hair cell stereocilia are separated and bent, and show
blebbing, but lateral cross-links (arrows) are preserved. Bar = 0.5 µm.
Figure 2c. GA-only, FD, sputter-coated preparation. The stereocilia on the outer hair cell have collapsed but their
surface shows a smooth contour with no blebbing. Bar = 1 µm.
Figure 2d. Os-only, CPD, sputter-coated preparation. Stereocilia show a smooth surface with no blebbing but the
bundle is distorted and the surfaces of the supporting cells have shrunken inwards. Bar = 1 µm.
Figure 2e. Os-only, FD, sputter-coated preparation. The stereociliary bundle is distorted, and the apical surface of
the supporting cell is shrunken inwards. Bar = 1 µm.

----------------------------------------------------------------------------------------------drying or by sputter coating with Au-Pd (60:40) after
drying. The various combinations of these procedures
which were used are listed in Table 1.
Primary fixative was applied to the cochlea by direct
perfusion via openings made at the base and apex. Fixative was equilibrated at room temperature before use,
and after perfusion, fixation was continued with slow
continuous rotation for 1.5 hours at that temperature.
The organ of Corti was dissected in 0.1 M cacodylate
buffer before further processing.
Material which was dried by CPD or by HMDS was
first dehydrated with ethanol, but FD samples were not
exposed to any dehydrating agents; they were frozen after washing in distilled water. CPD was carried out by
routine procedures. Samples for HMDS drying were
transferred from 100 % ethanol through three changes of
HMDS before allowing evaporation of the HMDS inside

a desiccator containing molecular sieve drying agent but
without a vacuum. Samples for freeze-drying were
transferred to baskets made from fine copper mesh, excess liquid was removed by briefly blotting the basket
with tissue paper, and then the basket was plunged into
either Freon 22 or propane:isopentane cooled in liquid
nitrogen. The frozen samples were transferred to the
Peltier-cooled stage of an Edwards freeze-drying apparatus at a registered stage temperature of -65 °C and
maintained at that temperature under vacuum for 24 or
48 hours before the stage temperature was slowly raised
to ambient.
The effects of the different fixatives were most
easily compared in samples which had been sputtercoated. In glutaraldehyde-only fixed, CPD material the
surfaces of the Deiters' cells were flat with distinct
microvilli (Fig. 2a), but stereocilia were often bent and
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Figure 3a. GA/Os, CPD, sputter coated. Preservation generally quite good, but there is still some bending of the
stereocilia and distortion of the bundle and the inner hair cells are angled away from the outer hair cells indicating some
distortion in the pillar cell region. Bar = 1 µm.
Figure 3b. TOTO processed, GA/Os, CPD sample. The surface of the organ of Corti is flat, and the stereocilia,
straight erect and smooth surfaced. The surfaces of some of the Deiters' cells bulge outwards. The tectorial membrane
(tm) is retracted. Bar = 5 µm.
Figure 3c. TOTO processed, GA/Os, CPD. Stereocilia of inner hair cells are straight erect and parallel and lateral
cross-links between them are preserved (arrows). Bar = 0.5 µm.
Figure 3d. HMDS dried, sputter coated, GA/Os preparation. Stereocilia of outer hair cell are distorted. Bar = 1 µm.
Figure 3e. HMDS dried, TOTO, GA/Os preparation. The outer hair cell stereociliary bundle and the surfaces of the
supporting cells appear very well-preserved. Bar = 1 µm.
Figure 3f. FD, TOTO, Os-only preparation. Good preservation of the outer hair cell stereociliary bundle. Compare
with similarly fixed and dried but sputter-coated sample in Fig. 2e. Bar = 1 µm.

-----------------------·---·--------·---tion by GA. GA-only was insufficient to properly stabilise hair cells for FD so that in the GA-only, FD samples stereociliary bundles collapsed and numerous cracks
appeared at the cells' surfaces (Fig. 2c), but here, where
the tissue had not been dehydrated, the stereocilia never
showed blebs. Similarly, in tissue fixed only in Os and
then dehydrated for CPD and sputter-coated (Fig. 2d)

tending to separate (Figs. 2a, b). Although it could be
seen at high magnification that lateral cross-links between stereocilia were preserved (arrows, Fig. 2b), the
stereocilia of both IHCs and OHCs showed numerous
smooth-surfaced blebs. These most likely are an artefact
arising from changes to membrane lipids during dehydration in ethanol as a result of a lack of lipid stabilisa-
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Figure 4a. FD, after Os-only. The tectorial membrane (tm) bas remained in place over much of the organ ot Corti.
Bar= 20 µm.
Figure 4b. FD, after GA/Os, TOTO. Fracture bas occurred through the tectorial membrane to reveal the approximately radially arranged fibres within it. The net-like arrangement of fibre bundles on the apical surface of the tectorial
membrane is also clearly seen. Bar = 2 µm.
Figure 4c. CPD after GA/Os, TOTO. The phalanges of Deiters' cells are thin and smooth-surfaced. Bar = 5 µm.
Figure 4d. FD after GA/Os, TOTO. The phalanges of the Deiters' cells are thicker and straighter than after CPD
and show some surface detail. Bar = 5 µm.

the stereocilia also showed an even contour with no
blebbing. Osmium cross-links and stabilises membrane
lipids.
With Os-only fixed material, the stereociliary bundle
was often distorted (Fig. 2d). This appeared to result,
at least in part, from an inward collapse of the adjacent
supporting cells which occurred not only with dehydrated and Cffi material (Fig. 2d) but also when FD
was used (Fig. 2e). The supporting cells contain an
extensive cytoskeleton composed mainly of tubulin and
actin (Slepecky and Chamberlain, 1987) which are disorganised on exposure to Os if not first stabilised with
GA. It seems likely therefore that in the absence of

glutaraldehyde fixation, the unstabilised cytoskeleton of
the supporting cells collapses during drying resulting in
distortions of the apical surface of the organ of Corti.
As the foregoing results might suggest, the use of
double fixation with GA followed by Os produced much
less artefactual distortion than when either fixative was
used alone; there was no indication of blebbing of the
stereociliary membrane and the surfaces of the Deiters'
cells were flat (Fig. 3a). However, in the samples
which bad been given a conductive coat by sputter coating there was still some distortion of structure. Stereocilia were often bent and there was a tendency for pillar
cells to arch in such a way that the IHCs were angled
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Figure 5. Internal structure revealed in freeze-dried preparations after GA/Os fixation. a. Two outer hair cells. The
cuticular plate is easily seen at the apex of the cell on the left and shows the characteristic form with basal-ward projections at its lateral margins. In the cell on the right, vesicles approaching the apical surface in the region free of the cuticular plate are indicated by the arrow. Cell organelles, predominantly mitochondria, are also visible. Bar = 1 µm.
b. Higher magnification view of lateral wall of a single outer hair cell. The mitochondria associated with the lateral
aspect of the cell are identifiable (arrowhead). A sheet perforated with small holes (le) lies between the mitochondria
and the cell surface; this is presumably the lateral cisternal membrane. Bar = 1 µm. c. Fracture through the organ
of Corti parallel to the apical surface shows the organisation of hair cells and supporting cells. The heads of three
supporting cells (*) are seen to interdigitate between the hair cells. Bar = 2.5 µm. d. Sputter-coated sample (not
TOTO processed). The surfaces of the hair cells are smooth but intracellular structure is largely destroyed; the cuticular
plates, for example, cannot be differentiated. Nevertheless, the cell nuclei (n) and nerve endings (arrow) can still be
identified. Bar = 5 µm.
were evenly and regular spaced within the bundles such
that the IHC bundles appeared to form a continuous
fence along the length of the cochlear spiral. At higher
power, lateral cross-links between stereocilia could be
discerned (Fig. 3c) although the pattern of overlapping
fibrils seen in freeze-etch replicas (Fig. le) was not
apparent.
This result suggests that the TOTO procedure stabilises the structure against deforming forces, probably

away from the OHCs (Fig. 3a).
The use of the TOTO procedure to provide a conducting coat generally improved the preservation of
structure vis a vis that seen when sputter coating was
used. Consistently, the entire surface of the organ of
Corti was essentially flat, though sometimes Deiters'
cells bulged outwards towards the scala media (Fig. 3b)
in a similar manner to that seen in unfixed material (Fig.
la); the stereocilia were straight and erect; and they
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Figure 6. Effects of inadequate fixation. a. Adult human organ of Corti fixed in glutaraldehyde 24 hours after death
showing some post-mortem artefacts. The apical membranes are disintegrating and the stereocilia are disorganised appearing to have lost rigidity. Some stereocilia have been lost. Bar = 2 µm. b. Adult human organ of Corti in wellfixed preparation (GA into middle ear within 30 minute of death). The irregular pattern of outer hair cells in the human
cochlea is seen. Stereocilia appear rigid and the cell surfaces are intact, but there are numerous blebs along the cell
borders. Bar = 20 µm. c. Guinea pig organ of Corti showing blebs (arrow) arising exclusively from the outer side
of the inner hair cell surface as a result of inadequate fixation. Note that the surfaces of the outer hair cells appear wellpreserved. Bar = 10 µm. d. Foetal human of Corti showing extrusion of inner hair cells from the epithelium, whilst
outer hair cells appear to be intact. Bar = 10 µm.

during drying. This conclusion was supported by examination of HMDS and FD material. In doubly-fixed tissue dried from HMDS then sputter-coated (Fig. 3d) the
stereociliary bundles were always distorted and inwardly
collapsing. When TOTO was used prior to HMDS, however, the stereociliary bundles and surfaces of Deiters'
cells appeared well-preserved (Fig. 3e): the stereocilia
were straight and evenly spaced and the Deiters' cells
were flat with clearly defined microvilli. With FD,
whereas Os-only sputter-coated samples showed distorted

stereociliary bundles and collapsed supporting cells (Fig.
2d), in Os-only TOTO samples (Fig. 3f) both the hair
bundle and the Deiters' cell surface were very wellpreserved.
Comparison of the FD and CPD organ of Corti suggested that FD produced less shrinkage of the sample
than CPD as has been demonstrated for other tissues
(Boyde, 1978). With CPD, the tectorial membrane was
retracted from the surface of the organ of Corti and
folded up (Fig. 3b). With FD however, regardless of
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Figure 7. Isolated hair cells. a. Single isolated hair cell with cylindrical cell body and erect stereocilia. The arrow
indicates a nerve ending remaining attached at the base of the cell. Bar = 2 µm. b. Apical surface of isolated hair
cell is flat. There is no obvious disruption of the cell due to the isolation procedure. Bar = 0.5 µm. c. Stereociliary
bundle on isolated hair cell appears well preserved. Bar = 0.5 µm. d. Cell on support surface treated with poly-1lysine. The attachment of the cell appears to have induced irregular shrinkage resulting in gross distortion of
morphology. Bar = 2 µm.

----------------------------------------------------------------------------------------------fined but appeared amorphous; vesicles in tracks leading
up to the apical surface membrane at the point where the
cuticular plate is absent could be seen (arrow Fig. 5a).
Mitochondria in the subcuticular region and just inside
the lateral membrane (Fig. 5b) could be identified.
Higher magnification views of the lateral wall (Fig. 5b)
also revealed a sheet perforated with small holes beneath
the lateral membrane of the cell and overlying the mitochondria. The position and morphology of this suggests
it is probably the lateral cisternal membrane. The cytoplasm appeared as a meshwork of filaments, much of
which presumably represents fixed cytoplasmic proteins.
Where fracture occurred parallel to the reticular lamina
(Fig. 5c), the three-dimensional relationship of Deiters'
cells to the OHCs could be determined. However, the
retention of fine detail within the cells depended on the
use of TOTO processing. In FD samples which were
only sputter-coated cytoplasmic structure was largely
destroyed. The cytoplasm was full of irregular large
holes (Fig. 5d) presumably resulting from the drying of
large ice crystals which had formed during freezing.

the initial fixation protocol, the tectorial membrane often
remained in place over the organ of Corti (Fig. 4a) with
the underside closely associated with the hair bundles of
the OHC (Fig. 4b). Also in CPD material, the phalangeal processes of Deiters' cell appeared thin and little
detail was apparent at their surfaces (Fig. 4c), but after
FD, the phalanges were straighter and thicker and
microvilli were evident on their surfaces (Fig. 4d).
Visualisation of Internal Structure
After Freeze-Drying
Specimens frozen prior to FD were subject to brittle
fracture and this exposed internal structure of the tissue
and the cells. Fracture through the tectorial membrane
(Fig. 4b) revealed details of its structural organisation:
a network of densely packed fibrils on the apical surface
and predominantly radially organised fibrils in the corpus of the membrane. Radial fracture through the organ
of Corti itself showed the subcellular organisation within
hair cells (Fig. 5a). The cuticular plate was clearly de-
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This result suggests that TOTO processing, in some
way, acts to prevent the formation of large ice crystals
during freezing although the nature of this cryoprotective
effect is not clear. Nevertheless, the ability to examine
the internal organisation of cells by SEM relatively
easily opens up a number of possibilities for exploring
the three-dimensional organisation of sub-cellular structure within hair cells and of the supporting cell - hair
cell relationship in normal tissue and after damage.

their apical surfaces but also could be seen to be being
expelled from the neuroepithelium (Fig. 6d). Shirane
and Harrison (1987) have shown that a blebbing at the
apical surface exclusively of IHCs occurs in response to
acute periods of hypoxia in living animals. This suggests that IHCs are particularly sensitive to hypoxic conditions. The presence of abnormalities at the surface of
IHCs in supposedly normal animals therefore probably
represent artefacts arising from the cells being subjected
to a period of hypoxia prior to effective fixation most
likely due to inadequate perfusion of fixative through the
cochlea.

Artefacts Associated With
Inadequate Primary Fixation
A further consideration in preparing the organ of
Corti for SEM is an understanding of the artefacts which
can arise from inadequate or delayed primary fixation.
A number of studies of the cochleae of animals have
shown the changes that occur when there is a prolonged
delay between death of the animal and the application of
fixative to the inner ear (Theopold, 1977; Gleeson,
1985; Billett et al., 1989). This problem is particularly
acute in studies of the human cochlea owing to the difficulties of gaining access to the inner ear. Fixation of
the human temporal bone for light microscopy sections
is "routinely" performed by perfusing the middle ear
cavity with formaldehyde at autopsy. However, SEM
examination of the organ of Corti prepared in this way
(Wright, 1980) showed post-mortem degenerative
changes, characterised by fusion and collapse of stereocilia of both IHCs and OHCs, the formation of blebs at
the apical surface of hair cells and supporting cells, and
disruption of the apical membranes (Fig. 6a). These
artefacts were predominantly prevented by direct perfusion of the human cochlea with GA through the round
and oval windows within a few minutes of death and
then sealing the openings with wax to retain the fixative
within the inner ear until the temporal bone is removed
at autopsy. Using this procedure, the apices of the hair
cells generally appeared well-preserved (Fig. 6b), but
even in the best-preserved specimens, abnormal small
blebs occurred at the borders between supporting cells.
These may represent the first indications of post-mortem
degeneration.
Whilst post-mortem degeneration affects both IHCs
and OHCs as well as supporting cells, abnormalities affecting IHCs specifically are sometimes seen in supposedly normal cochleae. This is usually manifested as
the formation of large blebs at the outer aspect of the
stereociliary bundle in the membrane region which overlies the basal body of the IHC (Fig. 6c) but can become
quite extreme. In a study of human foetal material obtained at abortion and rapidly immersed in glutaraldehyde fixative, OHCs and supporting cells appeared very
well preserved, but IHCs not only showed large blebs at

Isolated Hair Cells
Increasingly preparations of isolated hair cells are
being used to examine the activities and ototoxic susceptibilities of auditory and vestibular sensory cells. In
general these studies are carried out using light microscopy but SEM potentially offers a reasonably simple
means to monitor some ultrastructural characteristics of
the cells and in particular the stereocilia. Procedures for
examining isolated OHCs by SEM have therefore been
assessed.
OHCs were isolated from the cochlea by the technique described by Zajic and Schacht (1987). The apical two turns of the cochlea were removed to a droplet
of HBSS and exposed to 1 mg/ml collagenase for 10
minutes and then separated by gentle reflux through a
rnicropipette. The cells were allowed to settle on to the
surface of a plastic disc cut from the bottom of a petri
dish and fixed by adding a drop of 2.5 % GA to the
droplet containing the hair cells such that the final
fixation concentration was 1.25 %. Subsequently, cells
were either washed in water prior to FD, or fixed again
in 1 % OsO4 before dehydration and drying either by
CPD or from HMDS. For each processing step, the liquid on the disc was gently withdrawn and replaced by
the next appropriate fluid in the processing schedule.
To ensure that there was no air-drying during processing, the samples were contained within a humid environment created inside a covered petri dish. Samples for
FD were frozen by plunging into propane-isopentane
(4: 1) and dried in the Balzers freeze-etching apparatus
at a registered stage temperature of -80 °C for 4 hours.
There was little difference in the general morphology of the cells between the three different drying regimes. With all of them cells generally appeared cylindrical though after CPD (Fig. 7a) and HMDS the lateral
wall was wrinkled. Nerve endings remained attached at
the basal end of many cells (Fig. 7a). The surface of
the cell was flat (Fig. 7b) and stereocilia erect, evenly
separated, and with a smooth contour and although some
bending of the stereocilia was sometimes apparent, gen530
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erally the stereociliary bundle appeared normal (Fig.
7c). This indicates that the isolation procedures do not
produce significant adverse effects on the stereocilia.
To try to enhance adhesion of the cells to the support surface, the discs used to support the cells were
pre-coated with poly-I-lysine. This appeared to increase
the number of cells retained during processing but also
caused many of them to become flattened and distorted
(Fig. 7d) presumably due to differential shrinkage of the
attached and free sides of the cell during drying. This
procedure is not recommended for adhering hair cells to
supporting surfaces.

in the centre of large specimens. Indeed, even with the
relatively short segments of tissue used here it was difficult, without taking great care consistently, to obtain
good freezing. Second, there is a danger of loss of material during the processing. The frozen material tends
to undergo brittle fracture. Whilst this has advantages
in opening up the cells and the tissue for examination of
internal structures, it also results in loss of part of the
specimen. In addition, once freeze-dried, the material
is much more friable than tissue which has been critical
point dried or dried from HMDS. Again this leads to
easy loss of parts of the specimen unless extreme care is
taken when handling, for example, during mounting on
support stubs. It is this loss of tissue that so far has
frustrated our attempts to gain accurate quantitative assessment of the extent of tissue shrinkage following
freeze-drying. It also indicates that FD may not be a
technique for the routine preparation of the organ of
Corti.
On the other hand, as pointed out above, using FD,
it is possible, relatively simply, to examine the internal
structure of cells by SEM, as has also been demonstrated previously (Lim, 1971b). Other techniques have
been described in the literature for SEM examination of
the cell cytoplasm (e.g., Haggis and Phipps-Todd, 1977;
Tanaka, 1981; Burdzy et al., 1991) but, in general,
these involve washing out soluble cytoplasmic components through the use of lengthy, multi-stage procedures
in which the tissue is exposed to cryoprotetants, frozen,
then thawed out again under controlled conditions. In
the TOTO-treated FD material, it appeared that the details of the cytoplasmic structure had been revealed by
"deep-etching", equivalent to that usually undertaken after freeze-fracture. It therefore involved much less tissue processing (and consequent reduction in the potential
for introducing artefacts), and could be achieved relatively rapidly. It also appeared that TOTO processing
provided cryoprotection to retard the development of ice
crystals but the basis of this action is not known. Further evaluation of this procedure using high resolution
SEM would be most valuable.
With CPD, and especially air drying from HMDS,
there can be quite significant distortion of structure,
particularly of the arrangement of stereociliary bundles.
This is undoubtedly due to tissue shrinkage. Boyde
(1978) has demonstrated, in a study of a number of different tissues, that CPD generally induces a linear
shrinkage of ca. 26% although Wright (1981) estimated
that the linear shrinkage occurring in segments of critical
point dried, sputter coated human organ of Corti was to
83 % of the original length. Preliminary assessments of
the lengths of segments of the guinea pig organ of Corti
before and after drying indicate a linear shrinkage with
CPD to 71 % (± 10.6%; n=5) of the length measured

Discussion
The techniques used to prepare the organ of Corti
for SEM will to some extent depend upon the nature of
the study to be undertaken. Like most procedures for
electron microscopy, it is often necessary to compromise
some aspects of structural preservation in favour of
others. For example, it is shown here that after glutaraldehyde-only fixation, stereociliary membranes in particular undergo artefactual distortions during subsequent
processing. However, as Osborne and Comis (1991) report, the use of OsO4 , which might prevent occurrence
of membrane blistering, is best avoided if the fine surface detail associated with the stereocilia is to be
examined properly. The formation of membrane blisters
may be the necessary compromise to be accepted for
high resolution examination of the surface details of the
stereocilia. Nevertheless, it would seem that for most
SEM studies that are to be conducted at low to medium
resolutions, where the fine surface detail cannot be
visualised adequately and where the form of the stereocilia and the stereociliary bundle is an object of investigation, double fixation in glutaraldehyde followed by
OsO4 may be preferred.
Likewise, with alternative methods for drying the
specimen, some compromises may also be necessary.
Freeze-drying has been shown to cause much less
shrinkage of tissue and structural distortion than other
drying methods (Boyde, 1978). The present study
shows that at least at a qualitative level, FD can produce
an improvement in structural preservation and an apparent decrease in the degree of shrinkage of the organ of
Corti in comparison to that produced by CPD or air drying from HMDS. There are, however, some practical
difficulties with FD. First, with CPD (or HMDS) it is
possible to dry quite large specimens; for example, the
entire organ of Corti can be processed without the need
for fine dissection (see e.g., Davies and Forge, 1987).
This is more difficult to achieve with FD as it is almost
impossible to obtain good freezing, that is without the
formation of large ice crystals that distort the structure,
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irregular and there is considerable variation between
individuals in the length of the organ of Corti and in the
total number of hair cells, the number of hair cells per
unit length has been recommended as the basis for comparison between different cochleae (Wright et al., 1987).
The processing procedures which have been examined in this work are those which have been used most
widely for examination of the inner ear and the results
indicate that double-fixation with glutaraldehyde followed by OsO 4 , then TOTO processing and drying by
CPD (or from HMDS) will produce well preserved specimens for most studies. When TOTO is used, sputter
coating is normally unnecessary, but the application of
sputter coating after drying TOTO processed tissue may
be useful if high resolution studies are to be performed.
When sputter-coated, there is less likelihood of charging
when the smaller beam probes necessary for higher
resolution SEM are used, and the coating may "decorate" and thereby increase the apparent size and visibility
of smaller structural details such as stereociliary crosslinks (Furness and Hackney, 1986). There are however,
a number of other procedures which have been described
in the literature both for applying conductive coats
and/or which are purported to reduce the degree of
tissue shrinkage during drying (Murphy, 1980;
Wollweber et al., 1981). The most common of these
uses tannic acid rather that thiocarbohydrazide as a
mordant for osmium and the additional use of uranyl
acetate after tannic acid has been suggested to reduce
tissue shrinkage (Wollweber et al., 1981). We have
made some studies using tannic acid as a mordant for
OsO4 , but qualitatively could detect no obvious difference from the use of thiocarbohydrazide and just as with
TOTO processed tissue, after CPD the tectorial membrane was retracted, suggesting some tissue shrinkage to
have occurred. However, tannic acid interacts with, and
provides contrast in thin sections, of the cell coat around
the stereociliary bundle and has been shown to preserve
the fine surface detail of the stereociliary surface for
SEM studies (Takumida et al., 1989). Processing with
tannic acid may therefore be a valuable alternative to
thiocarbohydrazide in preparing the organ of Corti for
SEM.
In examination of isolated hair cells, the major
advantage of SEM is the ready assessment of the stereociliary bundles. The present work confirms that isolation procedures do not cause significant alterations to
stereocilia. This suggests that potentially SEM could be
used to monitor the condition of isolated hair cells and
could be particularly useful in investigations of the direct
effects of some ototoxic agents on hair cells, particularly
in relation to affects at the apical surface. However, the
processing of the sample for SEM has to be carried out
with some care as the cells can be lost or damaged dur-

after glutaraldehyde fixation, and with HMDS to 63 %
(± 9.8%; n=5). However, the structural deformations
in the organ of Corti following CPD or HMDS are considerably ameliorated if the tissue is processed through
TOTO prior to drying. Qualitatively, CP dried TOTO
processed tissue consistently appears very well-preserved; the surface of the reticular lamina is flat, the
stereocilia remain straight, and the hair bundles are regular, and TOTO processed tissue dried from HMDS appears as well preserved as that dried by CPD. It seems,
therefore, that TOTO processing stabilises the tissue
protecting it from deformation during drying. This is
confirmed by the quantitative analyses of the extent of
shrinkage; TOTO processed tissue shrank to 82 %
( ± 0. 83 %; n = 5) of its glutaraldehyde-fixed length after
CPD and to 86 % ( ± 1.2 %; n = 5) after air-drying from
HMDS.
The use of TOTO processing prior to drying, therefore, offers considerable improvements in the ability to
obtain consistently good preservation of the organ of
Corti for SEM examination. It has been argued that
such treatment may not be advisable if fine surface detail
of the stereocilia is to be examined (Pickles et al., 1984;
Osborne and Comis, 1991) although tip-links between
stereocilia have been visualised using this processing
step (Furness and Hackney, 1986), and there is some
evidence that the use of thiocarbohydrazide as a mordant
for osmium, when applied after a short initial fixation in
osmium tetroxide, assists in the preservation of structures which are otherwise vulnerable to destruction by
prolonged osmium fixation (Aoki and Tavassoli, 1981).
CPD of TOTO processed tissue would seem, then, to be
an appropriate procedure for the routine processing of
the organ of Corti. However, air-drying from HMDS
is a useful alternative to consider; both qualitatively and
quantitatively the results obtained with HMDS drying of
TOTO processed tissue are little different from those obtained with CPD. Preparing tissue by TOTO followed
by air-drying from HMDS also has the advantage that
the complete processing of the sample for SEM can be
carried out without the need for any specialised
preparative apparatus.
It is important to note, however, that even when
TOTO processing is used significant shrinkage of the tissue does occur with both CPD and air-drying from
HMDS. This needs to be taken into account in studies
where accurate assessment of the length of segments of
the organ of Corti needs to be made, for example, in
determining the length of any lesion caused by some injury to the organ of Corti for correlation with electrophysiological data on the tonotopic distribution of effects
on cochlear function (e.g., Brown et al., 1989). It is
also important in assessments of the human organ of
Corti, where, because the distribution of hair cells is
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in the guinea pig cochlea following mechanical trauma
to the organ of Corti. Acta Otolaryngol. 89, 440-452.
Davies S, Forge A (1987) Preparation of the mammalian organ of Corti for scanning electron microscopy.
J. Microsc. 147, 89-101.
Dieler R, Shehata-Dieler WE, Brownell WE (1991)
Concomitant salicylate-induced alterations of outer hair
cell subsurface cisternae and electromotility. J. Neurocytol. 20, 637-653.
Evans BN (1990) Fatal contractions: ultrastructural
and electromechanical changes in outer hair cells following transmembraneous stimulation. Hearing Res. 45,
265-282.
Forge A (1985) Outer hair cell loss and supporting
cell expansion following chronic gentamicin treatment.
Hearing Res. 19, 171-182.
Forge A, Brown AM (1982) Ultrastructural and
electrophysiological studies of the acute ototoxic effects
of furosemide. Br. J. Audiol. 16, 109-116.
Forge A, Davies S, Zajic G (1991) Assessment of
ultrastructure in isolated cochlear hair cells using a
procedure for rapid freezing before freeze-fracture and
deep-etching. J. Neurocytol. 20, 471-484.
Furness DN, Hackney CM (1985) Cross-links between stereocilia in the guinea pig cochlea. Hearing Res.
18, 177-188.
Furness DN, Hackney CM (1986) High resolution
scanning electron microscopy of stereocilia using the
osmium-thiocarbohydrazide coating technique. Hearing
Res. 21, 243-249.
Gleeson MJ (1985) A scanning electron microscopy
study of post mortem autolytic changes in the human and
rat cochleas. Acta Otolaryngol. 100, 419-428.
Haggis GH, Phipps-Todd B (1977) Freeze-fracture
for scanning electron microscopy. J. Microsc. 111, 193201.
Hamernick RP, Turrentine G, Roberto M, Salvi R,
Henderson D (1984) Anatomical correlates of noiseinduced mechanical damage in the cochlea. Hearing Res.
13, 229-247.
Harpur ES, Bridges JB (1979) An evaluation of the
use of scanning and transmission electron microscopy in
a study of the gentamicin-damaged guinea-pig organ of
Corti. J. Laryngol. Otol. 93, 7-23.
Hunter-Duvar IM (1978) Electron microscopic
assessment of the cochlea. Some techniques and results.
Acta Otolaryngol. Suppl. 351, 3-23.
Hunter-Duvar IM, Mount RJ (1978) The organ of
Corti following ototoxic antibiotic treatment. Scanning
Electron Microsc. 1978;11, 423-430.
Lim DJ ( 1969) Three-dimensional observation of the
inner ear with the scanning electron microscope. Acta
Otolaryngol. Suppl. 255.
Lim DJ (1971a) Vestibular sensory organs. A scan-

ing processing and some distortion of the cell during
drying occurs. Thin sectioning to examine the ultrastructure of isolated hair cells has been used with some
notable success (Slepecky and Ulfendahl, 1988; Evans,
1990; Dieler et al., 1991) but this is not easy to perform
on a routine basis because the small number of cells obtained upon isolation present difficulties in handling.
Freeze-fracture of unfixed preparations of isolated hair
cells, where there is a minimum of processing, may be
a more useful means to gain detailed information concerning the ultrastructural characteristics in such samples
(Forge et al., 1991).
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Discussion with Reviewers

D.J. Lim: What is the estimated temperature of rapid
freezing in your preparation method?
Authors: The sample is frozen by allowing it to fall
under gravity into propane:isopentane (4: 1) contained
within a copper bath immersed in liquid nitrogen. The
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cryogen temperature is close to that of the liquid
nitrogen, ca. 77 K. We have not made estimates of the
cooling rate with our system, but examination of cells,
which have been freeze-fractured after using this procedure, has shown that consistently there is no damage
from the development of ice crystals within the sample
(Forge et al., 1991).

Authors: We have not made any systematic studies of
these parameters. Normally we dissect out segments of
the organ of Corti, either, as in this paper, after glutaraldehyde fixation or sometimes after post-fixation in
OsO4 glutaraldehyde or after TOTO processing (though
this last is sometimes difficult as the tissue is very dark).
We see no obvious differences. There is a tendency for
longer segments of the sensory epithelium to crack due
to shrinkage during drying, especially if TOTO processing is not used. However, we can process the entire
spiral of the organ of Corti as a single sample and obtain
excellent preservation without the formation of cracks
using CPD after TOTO processing. To minimise the
risk of mechanical damage to segments of the sensory
epithelium, they are dissected out still attached to bone
on the modiolar side. The bone can be handled when
physical manipulation of the sample is necessary. Also,
during the processing, the samples are contained within
a plastic tube with a meshwork bottom inside a small
bottle. The processing fluids can then be added to and
withdrawn from the bottle so that the sample inside the
tube is exposed to a relatively gentle fluid exchange.
The tube containing the sample fits into the CPD apparatus. Thus, there is no need to handle the specimen at all
between dissection and mounting on the SEM sample
stub.

D.J. Lim: What is "brittle fracture"?
Authors: "Brittle fracture" is used here to describe the
process in which a frozen sample breaks along the
planes offering least resistance to an applied force.
Separation of the sample along the break lines exposes
the internal structure of the cells. The cleavage can be
achieved deliberately, using a cold scalpel or razor blade
prior to freeze-drying, but also occurs if the frozen
sample is accidentally subjected to mechanical stress.
N.B. Slepecky: Other than in the case of freeze-drying,
where you do not get optimal freezing if the specimen is
too large, is there any reason to process the entire
cochlea or to process only half turns of the sensory
epithelium? Does the mechanical damage increase with
physical handling of the small specimens? Is there any
advantage to keeping the tissues of the lateral wall
intact?
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